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Abstract—In vehicular communications, traffic-related infor-
mation should be spread over the network as quickly as possible
to maintain a safer transportation system. This motivates us to
develop more efficient information propagation schemes. In this
paper, we propose a novel cluster-based cooperative information
forwarding scheme, in which the vehicles opportunistically form
virtual antenna arrays to boost one-hop transmission range and
therefore accelerate information propagation along the highway.
Both closed-form results of the transmission range gain and the
improved Information Propagation Speed (IPS) are derived and
verified by simulations. It is observed that the proposed scheme
demonstrates the most significant IPS gain in moderate traffic
scenarios, whereas too dense or too sparse vehicle density results
in less gain. Moreover, it is also shown that increased mobility
offers more contact opportunities and thus facilitates information
propagation.
I. INTRODUCTION
A. Motivation
Vehicular ad hoc networks (VANET) is undergoing ex-
tensive study in recent years [1]–[5]. Maintaining a safer
transportation system is of top priority. One safety measure is
to enable inter-vehicle communication, especially in highways
without any fixed road-side infrastructure. Information on
traffic-related events, including accident, traffic jam, closed
road, etc, needs to be passed on to nearby vehicles in a
multi-hop relaying fashion. For instance, if an accident occurs
on a highway and induces temporary congestion, it is vital
to ensure that all vehicles in this region be informed as
quickly as possible, so that some of them can make early
detours before getting trapped. Therefore, we are interested
in how fast a message can propagate along the route. A new
performance metric, Information Propagation Speed (IPS) [6],
defined as the distance the information spreads within unit
time, is drawing increasing attention.
B. Related Work
Information spreading in mobile networks has been theo-
retically studied in [7], [8]. Its application in vehicular DTNs
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has been well studied in literature. Early works [1]–[3], [9],
[10] focus on the modeling of vehicular DTNs. In [9], the
authors studied vehicle traces and concluded that vehicles
are very close to being exponentially distributed in highways.
Further, measurements in [10] showed that vehicles traveling
in different lanes (e.g. bus lane or heavy truck lane) have
different speed distributions.
However, further theoretical analysis of the IPS remained
missing until Agarwal et al. first obtained upper and lower
bounds for the IPS in a 1D VANET, where vehicles are
Poissonly distributed and move at the same, constant speed
in opposing directions [11], [12]. Their results revealed the
impact of vehicle density, indicating a phase transition phe-
nomenon. Under the same setting of [12], Baccelli et al.
derived more fine-grained results of the threshold [13]. The
authors complemented their work by taking into account
radio communication range variations at the MAC layer, and
characterized conditions for the phase transition [14].
Other than traffic density, vehicle speed properties have also
been extensively investigated. In [15], Wu et al. studied the
IPS assuming uniformly distributed, but time-invariant vehicle
speeds, and obtained analytical results in extreme sparse and
extreme dense cases. [16] showed that the time-variation of
vehicle speed will also impose a significant impact on the IPS.
When extended to a multi-lane scenario, [6] obtained similar
results. However, we also note that, most above-cited works
are based on simplified wireless communication models that
ignore transmission time. Moreover, each vehicle plays the
role of an individual relay, and no inter-vehicle cooperation
has been considered.
C. Summary of Contributions
In this paper, we study the information propagation in
a bidirectional highway scenario. We propose a cooperative
information forwarding scheme and analyze the corresponding
IPS. We show that the proposed scheme yields faster informa-
tion propagation than conventional non-cooperative schemes.
Our main contributions are summarized below.
1) In contrast to the existing highway information prop-
agation models that only consider network layer, we
establish a cross-layer framework that features wireless
channel dynamics, retransmission delay and enables
cooperative transmission. In this sense, our model is
more realistic.
2) We propose a novel cluster-based information forward-
ing scheme, in which adjacent vehicles form a dis-
tributed antenna array to collaboratively transmit signals.
The scheme effectively boosts one-hop transmission
range which results in a significant IPS gain. More
specifically, we obtain closed-form results of the trans-
mission range gain and the improved IPS.
3) We analyze the impact of vehicle speed, traffic den-
sity and transmission range on IPS. Additionally, the
proposed cooperative scheme demonstrates the most
significant IPS gain under moderate traffic, whereas too
dense or too sparse vehicle density results in less IPS
gain.
The rest of the paper is organized as follows - In Section
II, we present the system model. In Section III, the trans-
mission range gain from the proposed scheme is evaluated.
Closed-form expression of IPS will be derived in Section IV.
Simulations results are given in Section V. The paper is finally
concluded in Section VI.
Throughout the rest of the paper, let [V]M×N mean that the
matrix V is of M rows and N columns, the capital bold style
means it is a matrix and the lowercase bold style means it is a
vector. E(·) is the mathematical expectation operator and the
VT denotes the transpose.
II. SYSTEM MODEL
A. Cluster-based Opportunistic Forwarding
We focus on a highway scenario where vehicles are Pois-
sonly distributed with intensity λ, and travel in opposing
directions at a constant speed v. A cluster is defined as a
maximal sequence of exclusive eastbound (or equivalently,
westbound) cars such that any two consecutive cars are within
each other’s radio range. Without loss of generality, we focus
on the information propagation speed in the eastbound lane.
Fig. 1 shows the propagation process of a certain packet: it
moves toward east from cluster to cluster. We say the packet
forwarding is blocked (see Fig. 1(a)) when the transmitter
cluster senses that the next eastbound cluster is out of reach.
Hence, the packet has to be buffered in the current cluster until
the gap is bridged by the opposing traffic (see Fig. 1(b)).
B. Cooperative Transmission Model
Now we will describe the transmission between two clus-
ters, namely a transmitter cluster (TxC) with Nt (Nt ≥ 21)
vehicles and a receiver cluster (RxC) with Nr vehicles. For
ease of analysis, only two randomly-chosen vehicles2 (denoted
by filled squares Tx1 and Tx2) in TxC are allowed to transmit.
The cluster-based transmission model is illustrated in Fig. 2.
1Note Nt = 1 is considered as a special case
2More cooperating nodes only accelerate information spreading.
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Fig. 1. Propagation pattern of a certain packet
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Fig. 2. Cluster-based cooperative transmission model
1) Channel Characterization: The virtual MIMO channel
between two transmitters and Nr receivers can be represented
as:
H =
[
D
1
2
1 s1 D
1
2
2 s2
]
Nr×2
, (1)
where [s1]Nr×1, [s2]Nr×1 denote the small-scale fading be-
tween the RxC and Tx1 and Tx2, respectively;
[
D
1
2
1
]
Nr×Nr
,[
D
1
2
2
]
Nr×Nr
are diagonal matrices accounting for the large
scale fading effect. For mathematical tractability, we approxi-
mately assume that the large scale fading of each link is almost
the same, thus can be defined as D−δ, here δ is the path
loss exponent with typical value from 2 to 4. Furthermore, we
assume that the small-scale fading follows Rician distribution,
which is typical for a flat terrain. Thus [s1]Nr×1 and [s2]Nr×1
can be denoted as follows [17]:
s1(θ1) =
√
K
K + 1
v(θ1) +
√
1
K + 1
g1,
s2(θ2) =
√
K
K + 1
v(θ2) +
√
1
K + 1
g2
(2)
where K is the Rician factor, θ1 and θ2 are the Angles of
Arrivals (AoAs) of signals from Tx1 and Tx2, respectively.
Note that in our one-dimensional scenario, θ1=θ2=θ=pi/2,
thus function v(θ) is represented as
v(θ)=
[
1, ... exp
(
−jk
2pidk
λ
)
, ..., exp
(
−j(Nr−1)
2pidNr
λ
)]T
,
(3)
and [g1]Nr×1, [g2]Nr×1 ∼ CN (0, I) denote the Rician scatter-
ing vector.
2) Opportunistic Retransmission: Given the distributed na-
ture of receivers, we adopt a simplified selection diversity [19]
algorithm at RxC, over the set of Nr MISO channels, i.e., the
vehicle with the highest received signal-to-noise ratio (SNR)
(denoted by the red-filled circle Rx2) acts as a coordinator
and broadcasts the decoded packet within RxC immediately.
We also adopt an ACK-based protocol, so that the coordinator
returns a confirmation message (ACK) to TxC on successfully
receiving the packet, otherwise the transmitters will keep
retransmitting every τ seconds.
III. TRANSMISSION RANGE GAIN ANALYSIS
In this section, we will analyze the transmission range
gain from the proposed cooperative transmission scheme. Intu-
itively, power gain, provided by jointly transmitting, together
with diversity gain, provided by receiving over independent
fading channels, can be leveraged to boost the transmission
range.
Assume there exists some minimum receive SNR which
can be translated to a minimum received power Pmin for ac-
ceptable performance. Providing the target outage probability
Pout, let r represent the maximal one-hop transmission range
of a single vehicle with transmit power Pt. Based on the flat
Rician fading channel model, the received signal on the edge
is:
y = r−δ/2
(√
K
K + 1
+
√
1
K + 1
ψ0
)
x+ n0, (4)
where ψ0 ∼ CN (0, 1), and n0 denotes the addictive white
Gaussian noise with power spectral density N0. Apparently,
Pout = P (P0r
−δ|ψ|2 < Pmin), (5)
where P0 = KPtK+1 denotes the normalized transmit power and
ψ=1+
√
1
Kψ0.
Lemma 1. X is an non-central χ2 distributed random variable
with f degrees of freedom and non-central parameter λ, (Xr )
1
3
is approximately normally distributed with mean 1− 29 1+br and
variance 29
1+b
r , where r = f + λ and b =
λ
f+λ .
Proof: See [18].
According to Lemma 1, we get
(
|ψ|2
σ2
(
2 + 1σ2
)
) 1
3
∼ N (M1, V1) , (6)
where M1 = 1− 4σ
2(σ2+1)
9(2σ2+1)2
, V1 =
4σ2(σ2+1)
9(2σ2+1)2
and σ =
√
1
K .
By combining (5) and (6), we easily obtain
r =
[
P0σ
2
(
2 + 1σ2
) (√
V1Φ
−1 (Pout) +M1
)3
Pmin
] 1
δ
. (7)
In terms of the cooperative scheme, with each vehicle
transmitting the same signal with identical transmit power Pt,
the received signal can be represented as:
y =
[
D
1
2
1 s1 D
1
2
2 s2
] [
x
x
]
+ n, (8)
where E(x2) = Pt and [n]Nr×2 ∼ CN (0, σ2N I) is the complex
white Gaussian noise vector.
We assume perfect phase compensation at RxC, so the
output SNR, based on the selection diversity algorithm, is:
γSC =
Pt
N0
max
k
|hk|2, (9)
where hk denotes the kth row of H.
Let R be the expanded transmission range, referred as
MIMO range for brevity. Given the same target outage prob-
ability on the edge, thus we have
Pout = P
(
γSC <
Pmin
N0
)
=
Nr∏
k=1
P
(
P0R
−δ
(|ψk1|2 + |ψk2|2)<Pmin)
=
[
P
(
|ψk1|2 + |ψk2|2< Pmin
P0R−δ
)]Nr
(10)
Note that the second and the third equality follow from the
cumulative density function of the maximum of i.i.d random
variables. Similarly, we have |φk1|
2+|φk2|
2
σ2 ∼ χ
′2
4 (
2
σ2 ), which
gives:
R =


2P0σ
2
(
2 + 1σ2
)(√
V2Φ
−1
(
P
1
Nr
out
)
+M2
)3
Pmin


1
δ
,
(11)
where M2 = 1 − 2σ
2(σ2+1)
9(2σ2+1)2
and V2 =
2σ2(σ2+1)
9(2σ2+1)2
. By taking
the ratio of R and r, the transmission range gain is:
g = [
2(
√
V2Φ
−1(P
1
Nr
out ) +M2)
3
(
√
V1Φ−1(Pout) +M1)3
]
1
δ . (12)
Since Pout, σ are predetermined constants, Nr is left to
exclusively affect g. Equivalently, we can write g as a function
of Nr:
g
∆
= F (Nr). (13)
Fig. 3 shows the relationship between g and Nr, with Nr
plotted in log-fashion. It can be seen that the range gain
grows logarithmically with the number of cooperating vehicles
(or cluster size). This implies a few additional cooperating
vehicles would be sufficient, and too many cooperators would
only incur excessive overhead.
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Fig. 3. Transmission range gain as number of cooperating vehicles increases
IV. INFORMATION PROPAGATION SPEED ANALYSIS
The technical building blocks for analyzing IPS is organized
as follows. IV-A sutdies the distribution of cluster size, i.e.,
the number of vehicles in a cluster. IV-B analyzes the average
road length ahead until the gap is bridged by the next cluster.
In IV-C, we investigate the distribution of an unbridged gap
length. Based on the results in IV-A to IV-C, the expectation of
blocking time is obtained in IV-D. Meanwhile, the expected
distance that a piece of information can propagate after the
block is given in IV-E. Having obtained these key elements,
we get the final expression of the IPS in IV-F.
A. Number of Vehicles Within a Cluster
Lemma 2. The probability mass function (pmf) of the number
of vehicles within a cluster is given by:
PN (k) = e
−λr(1− e−λr)k−1 (k = 1, 2, 3 . . .) (14)
and its cumulative distribution function (CDF) of is:
FN (n) = P (N ≤ n) = 1− (1− e−λr)n, (15)
where λ is the poisson intensity.
Proof: This is a straightforward result in probability
theory.
B. Road Length to Bridge a Gap
As aforementioned, when a packet is blocked by a gap of
length x, it has to wait for help from the opposing traffic.
Let B(x) be the distance to the first westbound cluster ahead
which is capable of bridging the gap (starting from an arbitrary
cluster). Since the MIMO range only associates with the
number of potential receivers, a westbound cluster of at least
n0 vehicles is needed, and n0 is given as:
n0 = ⌊F−1(x/r − F (Nr))⌋ ∆= G(Nr, x). (16)
Fig. 4 depicts a gap of length x, and the distance to the
available westbound cluster.
Denote β(θ, x) the general Laplace transform of B(x), i.e.,
β(θ, x) = E(exp(−θB(x))).
x
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Fig. 4. Illustration of the B(x) until a gap x is bridged. (a) Smaller clusters
cannot bridged the gap. (b) Until a westbound cluster with more than n0
vehicles is encountered.
Lemma 3.
β(θ, x) =
P (N > n0)
1− P (N ≤ n0) λλ+θ
, (17)
E(B(x))=
k0∑
k=1
PN (k)
λ
(
(1−e−λr)−G(k,x)−1
)
, (18)
where G(·, ·) is given by (16), and k0 = ⌊F−1(x/r)⌋.
Proof: (17) follows from renewal theory where the
Laplace transform of inter-cluster distance equals λλ+θ . Hence,
the average is
E (B(x))=
k0∑
k=1
P (Nr=k)E(B(x)|Nr=k)
=
k0∑
k=1
PN (k)
(
− ∂
∂θ
β(θ, x)|θ=0
)
=
k0∑
k=1
PN (k)
λ
((
1−e−λr)−G(k,x)−1)
(19)
C. Unbridged Gap Distribution
Fig. 5 illustrates the two cases where the gap cannot
be bridged. Here, we only consider the former case which
accounts for the lower bound of IPS.
Lemma 4. The expected unbridged gap is:
E(Ge) =
∞∑
k=1
(1−e−λr)k−1 ∫∞rF (k) xλe−λxdx
e−λr(F (k)−1)
, (20)
where F (·) is given by (12) and (13).
Lemma 5. The pdf of Ge is:
pe(x) =
∞∑
k=1
P (N = k)pe (x|x > rF (k)), (21)
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Fig. 5. Illustration of an unbridged gap: (a) the next eastbound car is out
of MIMO range, and there exists no westbound car within the gap; (b) a
westbound cluster is encountered, yet it is not large enough to aid in bridging.
pe (x|x > rF (k)) =


λe−λx
e−λrF (k)
, x ≥ rF (k)
0, x < rF (k)
(22)
Proof: (20) and (21) come from the exponential property
of inter-cluster distance and the fact that MIMO range follows
the same distribution as Nr.
D. Distribution of Blocking Time Tw
Lemma 6. Let Tw denote the blocking time until connectivity
provided by the opposing traffic is available. The expected
value of Tw satisfies:
2vE(Tw) = E(Ge) +
1
λ
+
∫ ∞
0
E(B(x))pe(x)dx. (23)
Proof: As depicted in Fig. 6, the total distance to be
traversed by two opposing traffic until the gap is bridged,
equals the distance to the first westbound cluster Ge + Iw
plus the road length to bridge the gap B(x) (starting from an
arbitrary cluster). Apparently, 2vTw = Ge + Iw + B(x). The
proof is completed by taking the expectations, and averaging
on all possible gap length x.
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Fig. 6. Blocking Time T : the total distance to bridged the gap is Ge+Iw+
B(x)
E. Distance D Traversed After the Blocking
Let Ce denote the relative eastbound distance traversed
beyond the first gap, until the next block is encountered. As
shown in Fig. 7, we have
E(D) = E(Ge) + E(Ce). (24)
Lemma 7. The average value of D is given by:
E(D) =
1
λ(1 − Pb) (25)
where Pb indicates the probability that a gap can be bridged,
and is given as:
Pb=
1
2
∞∑
ne=1
(
1− e−λrF (ne)
)
PN (ne)
+
1
2
∞∑
nw=1
∞∑
ne=1
(
1−e−λr(F (nw)+F (ne))
)
PN (nw)PN (ne).
(26)
eG 1H[W%ORFNeC
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Fig. 7. Total distance traversed when a bridge is created D = Ge + Ce
Proof: identity (26) comes from the exponential nature
of a gap, i.e., inter-cluster distance.
Let G¯e be the length of a bridged gap, we can obtain
(1− Pb)E(Ge) + PbE(G¯e) = 1
λ
, (27)
E(Ce) = Pb
(
E(G¯e) + E(Ce)
)
. (28)
We complete the proof by substituting (26)-(28) into (24).
F. The IPS derivation
As discussed in Section II, the entire information propaga-
tion process can be abstracted to a renewal reward process
where each cycle is comprised of a waiting state and a
forwarding state. Let sequences Ti and Di denote the duration
of waiting state and the distance traversed in forwarding state,
respectively. The tuples in the sequence (Ti, Di) are indepen-
dent and identically distributed, thanks to the Poisson nature
of vehicle traffic. Thus, the average referential information
propagation speed vp (with respect to the eastbound cars) is
defined as:
vp =
E(D)
E(T ) . (29)
Note that Ti includes the blocking time Twi and the transmis-
sion time Tti, i.e.,
E(T ) = E(Tw) + E(Tt) (30)
For Tt, it is reasonable to assume that transmission via
either a one-hop or two-hop MIMO transmission approxi-
mately occurs with the same probability, after a sufficient long
observation. Denote by Po the outage probability of a single
hop, we have
E(Tt) ≈ 3
2
E
(
τ
1− Po
)
≈ 3τ
2
1
1− E(Po)
=
3τ
2
1
1−
∞∑
k=1
PN (k)E (Po|Nr=k)
,
(31)
where the expression of Po is the same as (5), except that
R should be replaced with a random exponential variable I ,
and the expectation is taken over I . Also note the second
approximation is due to the fact that Po is usually small
enough so that E(1−Po) ≈ E( 11−Po ) with 1−Po approaches
1.
Theorem 1. The IPS is given by:
vp =
E(D)
E(Tw) + E(Tt)
(32)
where E(D) is defined by Lemma 7, E(Tt) is given by (31)
and E(Tw) is defined by Lemma 6.
Table I gives an overview of our main analytical results.
TABLE I
SUMMARY OF MAIN ANALYTICAL RESULTS
IPS vp:Eq.(29)
Distance E(D): Total time E(T ):Eq.(30)
Eq.(25) Waiting time E(Tw): Transmission time E(Tt):
Eq.(26) Eq.(4), (21), (20) Eq.(31)
V. SIMULATION RESULTS
In this section, we conduct information propagation exper-
iments to verify the correctness and accuracy of the derived
theoretical results. The simulation follow precisely the model
described in Section II. We measure the IPS by selecting
a sufficient remote source-destination pair, taking the ratio
of the propagation distance over the corresponding delay,
and averaging over multiple iterations of randomly generated
traffic.
Fig. 8 shows the comparisons of IPS between the pro-
posed cooperative forwarding scheme and conventional non-
cooperative scheme under different single-vehicle transmission
ranges. In each setting, the average inter-vehicle distance
varies from 5m to 40m as vehicles move at 30 m/s. We observe
that the proposed scheme exhibits significant advantage over
the conventional one. For instance, in Fig. 8(b), when the
vehicle density is 50 vehicles/km, i.e., the average inter-vehicle
distance is 20m, the IPS is raised from 120m/s to about
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Fig. 10. The IPS gain over traditional propagation scheme with different
vehicle densities
500m/s. Under the same vehicle density with larger single-
vehicle transmission range (see Fig. 8(c)), the raise is even
more obvious, from 200m/s to about 1000m/s. The reason is
that larger r accounts for larger clusters, thus MIMO range
is further increased with more cooperating vehicles and vise
versa.
Interestingly, performance gain introduced by our scheme
is the most remarkable under moderate traffic, whereas too
dense or too sparse traffic makes the IPS gain less (see Fig.
10). Intuitively, in the extreme sparse case, the network is
always disconnected and no cooperation opportunity can be
exploited, while in the extreme dense case, the network is fully
connected so that our cluster-based cooperative forwarding
scheme cannot further improve the connectivity of the highway
network.
Fig. 9 also displays the IPS comparisons for increasing
vehicle speed. Again, the proposed scheme is superior. It is
also shown that faster traffic actually accelerates information
propagation (e.g. a huge IPS enhancement from 100m/s to
around 700m/s when the vehicles move at 25m/s in Fig. 9(b)),
since increased mobility brings more dynamics to the network
topology and creates more opportunistic contacts. Moreover,
in both experiments, there is close match between simulation
results and theoretical results.
Furthermore, in both experiments, there is close match
between simulation results and theoretical results, and IPS also
increases with r. This is because as r becomes larger, clusters
becomes larger, thus MIMO range is further increased.
VI. CONCLUSION
In this paper, we study the information propagation speed
in the bidirectional highway scenario, based on a novel
cross-layer analytical framework. We proposed a cluster-based
information forwarding scheme, in which adjacent vehicles
form a distributed antenna array to cooperatively and op-
portunistically transmit signals. It is found that the scheme
can effectively boost one-hop transmission range and exhibits
significant advantage in IPS. Both closed-form results of the
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Fig. 8. The IPS with different vehicle densities
5 10 15 20 25 30 35 40 45 50
0
100
200
300
400
500
600
IP
S 
(m
/s)
vehicle speed: V
veh (m/s)
 
 
SIM virtual MIMO
SIM conventional
ANA virtual MIMO
Gain
(a) r=20(m)
5 10 15 20 25 30 35 40 45 50
0
100
200
300
400
500
600
700
800
vehicle speed: V
veh (m/s)
IP
S 
(m
/s)
 
 
SIM virtual MIMO
SIM conventional
ANA virtual MIMO
Gain
(b) r=25(m)
5 10 15 20 25 30 35 40 45 50
0
200
400
600
800
1000
1200
1400
1600
1800
vehicle speed: V
veh (m/s)
IP
S 
(m
/s)
 
 
SIM virtual MIMO
SIM conventional
ANA virtual MIMO
Gain
(c) r=30(m)
Fig. 9. The IPS with different vehicle speeds
transmission range gain and the improved IPS are derived.
Interestingly, it is also shown that the magnitude of IPS gain
depends upon traffic density, and increased mobility offers
more opportunistic contacts thus aids in information propa-
gation. In our future work, we intend to further generalize
the model by engaging all the vehicles within a cluster in
cooperation and taking into account different vehicle densities
in opposing directions.
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